Different types of atomic force microscopy ͑AFM͒ probes were characterized under ultrahigh vacuum conditions and at low temperatures. Properties of AFM probes, such as the resonance frequency, the spring constant and quality factor of cantilevers, depend on temperature. A typical shift in the resonance frequency as a function of temperature was observed for all kinds of cantilevers studied. This was related to the change in temperature of Young's modulus of the cantilever material. Moreover, force-distance curves acquired at low temperatures and on different substrates, elucidate the importance of the hydrophobicity of the sample surface and that of the tips for lowering adhesion forces. Finally, all of the probes were imaged in a scanning electron microscope as a function of the temperature. A bending of the coated cantilever at low temperatures was observed, which explains the peculiar force-distance curves. As a consequence, the use of uncoated cantilevers for low-temperature applications is recommended.
I. INTRODUCTION
Atomic force microscopy 1 ͑AFM͒ has become an important tool for studying surfaces at the atomic level. Its ability to measure vertical and lateral deflections with subnanometer resolution and subnanonewton force sensitivity makes AFM powerful in investigating properties of surfaces and of different complex systems on surfaces. The accuracy of such measurements relies primarily on the physical properties of the cantilever used as a force sensor.
In AFM, the tip of a flexible force sensing cantilever is raster scanned over the sample surface. Forces acting between the tip and the sample cause deflections of the cantilever which are detected and displayed as an image. In contact mode AFM, the scanning tip is maintained in contact with the sample surface with an interaction force as small as 1-100 nN to avoid damage. Atomic resolution images of conductive and nonconductive surfaces, as well as molecular resolution images of organic and biological materials, have been achieved in this mode. In the case of operating the microscope in dynamic mode, the force sensor could then be fixed on a quartz tuning fork. 2, 3 At low temperature and under an ultrahigh vacuum, this could make the design of the microscope simpler than in our laser beam deflection setup. Since, on biological samples, the friction force and some specific biochemical interactions are also valuable information, contact mode with the standard cantilever still remains a very interesting method to image the surface. In this context, the cantilever is chosen to be stiff enough to reduce vibration noise to an acceptable level, but should still have a low spring constant (10 Ϫ2 -10 N/m) to be adequately sensitive. Other crucial properties of high performance AFM levers include high resonance frequency (Ͼ10 kHz), high mechanical quality factor ͑100-1000͒, high lateral stiffness, short lever length, and a sharp tip. 4 When the AFM is operated in contact mode, the resonance frequency of the cantilever changes significantly, since the end of the cantilever is no longer free to vibrate and quality factor is of less importance due to the strong damping.
Commercial cantilevers are microfabricated from silicon or silicon-nitride (Si 3 N 4 ) by photolithographic and vapor deposition methods. Unfortunately, these techniques result in variations of the dimensions of the cantilever, which in turn lead to a considerable variation in their elastic constants. Moreover, a thin layer of metal ͑Au, Al, and Au/Cr͒ is usually deposited onto the cantilever to increase its reflectivity when deflections are detected optically. Adding this metallic layer changes the weight and stiffness of the cantilever and, consequently, its resonance frequency.
Since most AFM studies require the properties of the cantilever to be known precisely, many methods were developed to measure the relevant properties of the specific cantilevers used. In the present article, such methods are extended for use at low temperatures and under ultrahigh vacuum conditions. Other approaches to characterizing cantilevers at low temperatures are also presented. 
II. EXPERIMENTAL METHODS AND RESULTS
Measurements in the present work were performed using an atomic force microscope operating at low temperatures ͑cryoatomic force microscope͒ under ultrahigh vacuum (10 Ϫ7 -10 Ϫ9 mbar) using the laser beam deflection method 5 to measure the bending of the cantilevers. A detailed description of the instrument was reported previously. 6 For measurement of the cantilever oscillation resonance spectra, a spectrum analyzer ͑Stanford Research System model SR780͒ was used.
Measurements were performed for the three different types of triangular cantilevers for contact mode AFM listed in Table I . We were particularly interested in the behavior of very soft cantilevers since they have higher force sensitivity and are thus more suitable for studying the biological samples in which we are interested.
A. Cantilever resonance spectra measurements
The accuracy of the spring constant is usually the limiting factor in the precision of a force measurement. Many methods have been used to compute or measure the spring constant of cantilevers. The most straightforward method is to measure the dimensions of the cantilever and compute the theoretical spring constant. Measurement inaccuracies of this technique-especially in the thickness result in large spring constant errors. Measuring the resonance frequency 7 provides another estimation of the thickness, thus improving the accuracy of this technique.
Alternatively, beads or particles of known masses can be added to the end of the beam, while measuring the resulting resonance shifts. 8 This method can be accurate only if the masses are accurately known and their location on the cantilever beam is well determined. Micromanipulating 10 m diameter beads is a time consuming task, and is likely to result in breaking the cantilever.
A different approach makes use of the intrinsic thermal vibration of the cantilever. Every mass-spring system, coupled to a thermal bath, undergoes thermal fluctuations with an expectation value proportional to the temperature and inversely proportional to the spring constant. According to the equipartition theorem of classical statistical mechanics, each degree of freedom of a simple harmonic oscillator carries a thermal energy k B T/2 determined only by the temperature. The spring constant can then be obtained by measuring the thermally induced fluctuations and the temperature. 9 The major challenge with this method is in getting an accurate measure of the minute thermomechanical motion over a broad frequency range.
In this work, we applied nondestructive procedures 7, 9 for calibrating cantilevers at different temperatures with the aim to evaluate their applicability in AFM experiments. The exact value of Young's modulus is required for calculating the force constant from the measurements. Bulk values of Young's modulus can differ by 20%, depending on manufacturing procedures. Furthermore, Young's modulus changes with temperature.
The dependence of Young's modulus on temperature, T, is given by the theory of lattice dynamics in terms of a set of parameters specifying the interatomic forces including anharmonic terms. Wachtman et al. 10 confirmed a T 4 dependence for temperatures ranging from 0 to 300 K and a linear dependence for higher temperatures. Consequently, since the spring constant depends on Young's modulus, it is important to utilize the method by which it is possible to measure this dependence. Figure 1 shows the thermal power spectra for the three types of cantilevers ͑listed in the Table I͒ under a vacuum and at different temperatures ͑listed in Table II͒ . The temperature dependence of frequency for each of the cantilevers is shown in the inset of Fig. 1 . Resonance frequency values in air and at room temperature were measured to be 4 Ϯ0.5% different from the corresponding value in a vacuum. This is in agreement with measurements reported elsewhere. 7, 11 Every spectrum is an average of 20 spectra of 800 points. A Lorentzian function is fitted to the resonance peak. Values of the force constant of the cantilever are calculated at each temperature by integrating this curve. The spring constant, k 1 , is calculated using the following expression
where P is the area of the power spectrum of the thermal fluctuations, k B is the Boltzman's constant, and T is the temperature. As is shown in Fig. 1 and Table II , the resonance frequency increases with decreasing temperature. From the width of resonance peaks ⌬ f , the quality factor Q ϳ f exp /⌬f was calculated 12 and is presented in Table II . The quality factor increases approximately three times at 82 K compared to the room temperature.
The spring constant can otherwise be written as a function of the geometrical and mechanical parameters of the cantilever, both of which can be easily measured or calculated as: where C is geometrical factor, Y is Young's modulus, is the density of the material of the cantilever, and f 0 is the resonance frequency. Subsequently, this method can be applied to the different temperatures just by rescaling. As shown in Table II , the biggest change of the spring constant is observed for cantilevers of type I. Since the change in density of the material of the cantilever is negligible, we can conclude that the frequency shift is due to a change in Young's modulus and/or to a change of the form of the cantilever induced by the temperature change.
B. Force-distance curve measurements
The knowledge of the forces acting between the tip and the sample is the basis for any quantitative analysis of AFM measurements. A force-distance curve is a compact way of representing this interaction and enables better interpretation of the images acquired as well as better regulation of the scanning tip.
Force-distance curves were recorded using a LABVIEW program ͑National Instruments͒. A 16-bit precision analog/ digital card form National Instruments ͑NI PCI-MIO-16XE-10͒ was used for both output and input. The custom-made program made it possible to record the force curves at the desired rate.
For many substrates used for biological imaging, such as mica 13 and graphite, 14 a large adhesion force, F A , between the probe and the surface exists. This force is often many orders of magnitude larger than the van der Waals force and strongly pulls the probe toward the specimen surface. The adhesion force is characterized as the force required separating the tip from the surface. 15 In our measurements, both freshly cleaved mica and graphite were used. Mica is known to carry some negative surface charges after cleavage. 13 Because the surface charge can induce an opposite charge in the gold/chromium coating of the cantilever, this can result in a large attractive force. This can be confirmed by the fact, that when a cantilever is approaching the substrate surface, the force reaches large negative values before the tip engagement ͑Fig. 2-column I for 82 K͒. Proper grounding of the specimen may lower the adhesion force. Graphite, on the other hand, is conductive and the surface charge can be totally shielded if the specimen is connected properly to the ground. The long-range interaction can be totally eliminated. 16 Figure 2 shows typical force-distance curves for cantilevers used in this study ͑columns I-III͒ at different temperatures ͑82 K, 190 K, and 295 K͒. Combining the results from force-distance curves with the measurements of the spring constants gives us enough information to determine the applied forces for each temperature ͑see inset in every graph of Fig. 2͒ . For the large adhesion, one could lower the set point by pulling up the cantilever to reduce the force exerted on the sample. 17 However, it is clear from the inset of Fig. 2 , the forces used are small and fall in the range of some 100 pN. The origin of the adhesion force has been attributed to the presence of a water layer on the surface. Working with biological samples implies the presence of water even if the samples are dried prior to measurements ͑the same is valid for substrates as mica and graphite͒. At low temperatures, this water will form a thin layer of ice covering the sample, reducing resolution, and probably leading to the formation of a quasiliquid layer between sample and the tip. 18, 19 We are currently trying to avoid the presence of water in our system by choosing hydrophobic substrates and tips as described next.
C. Scanning electron microscopy measurements at low temperatures
In order to gain better insight into the behavior of cantilevers at low temperatures, we imaged them using a scanning electron microscope operating at low temperatures ͑108 -295 K͒. Micrographs of cantilevers were recorded at different temperatures ͓see Figs. 3͑a͒, 3͑d͒ , and 3͑e͔͒. Experiments were performed using a scanning electron microscope Philips XL-30 SFEG operating at 5 kV equipped with a field emission gun and coupled with a cryotransfer Gatan Alto 2500. A special sample holder was designed for the cantilever to be placed between two plates in order to ensure good thermal contact. Surprisingly, a bending of approximately 6°i s visible at 108 K in Fig. 3͑a͒ , even though the cantilevers ͑types I and II͒ were coated from both sides to prevent bimetallic behavior induced by the difference between the thermal expansion coefficients of the gold/chromium film and that of the cantilever.
The bending of the cantilevers was modeled using finite element analysis. The finite element analysis was performed   FIG. 2 . The temperature dependence of force-distance curves. Column I ͑type I cantilever͒ and column II ͑type II cantilever͒: Coated cantilevers on mica. Column III ͑type III cantilever͒: Uncoated cantilever on graphite. Values inserted in graphs are average values of adhesion forces F A . A large adhesion force is observed at low temperature while using coated cantilevers due to bad grounding of the specimen and hydrophilicity of mica, which was suppressed when using hydrophobic conductive graphite. The large adhesion observed for the long coated cantilever ͑column I͒ at 82 K is partially due to cantilever bending ͑as confirmed by cryoSEM measurement͒. with ANSYS 5.7 . The geometry of the type I cantilever was modeled with an ANSYS preprocessor unit and meshed in 374 SHELL91 elements. Each element was composed of two layers; the material properties and real constants which correspond to those of Si 3 N 4 and gold, respectively. The thicknesses of the layers were set to 400 nm for Si 3 N 4 and 10 nm for the gold coating. The boundary conditions consisted of blocking all the degrees of freedom of the nodes located at the base of the cantilever and by imposing a temperature change of 180 K over all of the nodes. The result of this analysis is shown in Fig. 3͑b͒ , where bending of 15°is presented for the case of cantilevers coated on one side. Our estimation from micrographs acquired using cryoSEM ͓Fig. 3͑a͔͒ shows bending of 6°. This value is considerably lower since the cantilever in that case was coated on both sides ͑especially to reduce bending͒. The gold chromium thickness of the coating on the tip side of the cantilever is declared by the producer to be 40 nm. With the measured bending, we can conclude that the reflective side of cantilever has a layer approximately 5 nm thicker. This has dramatic consequences for low temperature applications.
Type III cantilevers were investigated before ͓Fig. 3͑d͔͒ and after ͓Fig. 3͑e͔͒ functionalization, which renders them hydrophobic. Biological samples generally have a hydrophilic surface and, when scanned by a hydrophilic tip like the ones commercially available, the tip will adhere to it. Furthermore, they accommodate a layer of water covering their surface even when scanned under a controlled atmosphere. To compensate for its adhesion to the molecule surface, the tip must be pulled away, increasing the load on the cantilever. This leads to an unstable situation and a loss of resolution. This kind of problem has already been addressed in literature. 20 Knapp et al. 21 suggested the use of a tip which was previously rendered hydrophobic for contact mode AFM in a humid atmosphere. They found a net improvement in resolution when imaging biomolecules with hydrophobic tips.
The hydrophobic cantilever/tips used for the current study were made in the following manner: Commercially available type III cantilevers were cleaned with an aqueous soap ͑microclean detergent͒ solution and then rinsed several times with ultrapure bidistilled filtered water. After drying, they were placed into a special chamber for a reaction of the Si 3 N 4 surface with 1H, 1H, 2H, 2H -Perfluorodecyltrichlorosilane ͑ABCR GmbH͒ under water-free conditions at a temperature of 130°C for 1.0 to 1.5 h. After completion of the reaction, the cantilevers were then removed from the chamber and stored in fluoroware containers until used.
As shown in Fig. 3͑e͒ , no bending was observed with uncoated cantilevers ͑type III͒. This was also the case even after functionalization.
Since the type I cantilevers bend when cooled, a tipless part of the cantilever touches the sample during approach before the tip. This is schematized in Fig. 3͑c͒ . Most probably, this explains why we were not able to obtain good quality AFM images with these cantilevers below 200 K. We can, therefore, conclude that this type of cantilever is not recommended for low-temperature measurements.
III. CONCLUSION
AFM probes for low-temperature applications were characterized. Three types of contact mode triangular cantilevers were studied at low temperatures. The measurement of resonant frequency spectra allowed us to calculate spring constants. A temperature dependent shift of the peak frequency is observed. Force-distance curves acquired at low temperature show that the hydrophobicity of both the tip and sample is appropriate. Micrographs of coated cantilevers recorded using scanning electron microcopy at low temperature confirm its bending due to a slight difference in the thickness of the metal coating of the cantilever. On the other hand, chemical treatment of uncoated cantilevers does not cause bending at low temperatures and was confirmed to be suitable for lowering adhesion forces and improving the quality of AFM images at low temperatures.
